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Abstract 

The many different definitions for "nutrient ef f ic iency"  make the use of the term ambiguous. We 
evaluated nutrient efficiency using data from a study of response to phosphorus (P) supply in white 
clover  (Trifolium repens L.) and lucerne (Medicago sativa L.). Application of various criteria 
identif ied in the l i terature as measures of nutrient  e f f ic iency did not clarify differences between 
purportedly P efficient and inefficient germplasm. Germplasm differed in maximum shoot and total dry 
mass and in solution P concentrat ion ([P]s) required to achieve 80% maximum yield, but not in P 
concent ra t ion  of  tissue ([P],), internal  P ut i l izat ion,  or P uptake per unit of fine root dry mass. 
Differences in yield may have resulted from factors other than efficient  use of P. To reduce the 
confounding effects that other factors have on nutrient efficiency, it is essential that equivalent yields of 
germplasm be demonstrated where nutrients are not limiting. Mechanisms that enable enhanced nutrient 
efficiency can be identified less ambiguously using this approach. 

Introduction 

Divers i ty  among germplasm in the abi l i ty  to 
acquire plant nutrients from the environment has 
been inves t iga ted  for decades (Lyness ,  1936; 
Godwin and Blair, 1991) and is the subject of 
many  r e v i e w s  ( G e r l o f f ,  1976; G e r l o f f  and 
Gabelman, 1983; Glass, 1989; Blair, 1993). The 
term 'nutrient eff iciency'  has been used widely 
as a measure of the capacity of a plant to acquire 
and utilize nutrients for product ion of timber, 
c rops  or f o r a g e s .  D e f i n i t i o n s  of  n u t r i e n t  
eff iciency vary greatly (Clark, 1990) however,  
and in some cases may be misleading in the quest 
for increased productivity and identification of 
mechanisms for enhanced nutr ient  acquisi t ion 
and utilization. 

Ident if icat ion of  germplasm or species with 
differing nutrient efficiencies, generally includes 
i n v e s t i g a t i o n  o f  p o t e n t i a l  m o r p h o l o g i c a l ,  

phys io log i ca l ,  and b iochemica l  mechan i sms  
involved.  These mechanisms have been well 
r e v i e w e d  ( C l a r k s o n  and H a n s o n ,  1980; 
Sauerbeck  and Helal ,  1988; Caradus ,  1990). 
However,  it is often difficult  to separate cause 
f rom e f f e c t  when  e v a l u a t i n g  p o t e n t i a l  
mechan i sms  of  e f f i c i en t  nut r ien t  uptake and 
utilization. The close relationship between root 
and shoot activities may mean that differences in 
y i e ld  or n u t r i e n t  a c c u m u l a t i o n  by p lan t s ,  
resulting from differences in metabolic activity, 
are incorrectly attributed to differences in root 
morphology and function. 

C o m p a r i n g  P e f f i c i e n c y  d e f i n i t i o n s :  an 
e x a m p l e  us ing  l u c e r n e  and whi te  c l o v e r  
germplasm 

Five commonly  used defini t ions of nutrient  
efficiency were used to differentiate the relative 
P efficiency of two lucerne germplasm, a low P 
tolerant (EG2) and an intolerant (IG2), second- 
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generation progeny of 'Rangelander' ,  and two 
white clover cultivars, purportedly P efficient 
(Gandalf)  and modera te ly  e f f ic ien t  (Huia). 
Specific details  of the pot experiments  are 
presented by Gourley (1991). Plants were grown 
for 52 d in sand-alumina media with steady-state 
P concentrations of 2.9, 6.9, 40 and 88 I.tM. At 
harvest dry weights of shoots, fine roots (< 2 mm 
diam.) and coarse roots (> 2 mm diam.), and 
tissue P concentration were determined. 

The measures of P eff iciency used in this 
study to assess differences between germplasm 
were shoot dry mass (g DM pot -~) ( Blair and 
Cordero, 1978; Sauerbeck and Helal,  1988; 
Caradus, 1990), external P required to achieve 
80% of maximum yield (~tM P) ( Ftihse et al., 
1988), P e f f ic iency  ratios (g DM mg P-~) 
(McLachlan, 1976; Godwin and Blair, 1991), P 
utilization efficiencies (g DM-: mg p-l) (Siddiqi 
and Glass, 1981), and P uptake efficiencies ( mg 
P g fine root DM ~) (Blair and Cordero, 1978; 
Elliott and L~iuchli, 1985). Fine root dry mass 
was used rather than total root dry mass because 
of the greater contribution of fine roots to P 
uptake (Barber, 1984). 

Response curves for each germplasm were 
derived from the relationship between shoot dry 
mass (g pot ~) and solution P (~tM), using the 
Michaelis-Menten equation. Derived regression 
models for each germplasm were tested for 
invariance (Ratkowsky,  1983) to determine 
whether  the two response curves were 
significantly different (P < 0.05). Phosphorus 
efficiency ratios, utilization efficiencies, and 
uptake efficiencies were analyzed by one-way 
analysis of variance at P concentrations of 2.9, 
6.9, 40, and 88 ~tM to determine stat ist ical  
differences between germplasm (P <0.05). 

The response curves of shoot dry mass and 
solution [P]s were significantly different (P < 
0.01) for the lucerne germplasm EG2 and IG2, 
and the white clover cultivars Gandalf and Huia 
(Fig. 1). External P requirement to produce 80% 
of predicted maximum shoot dry mass was 19 
and 32 ~tM for EG2 and IG2, and 15 and 29 txM 
for Huia and Gandalf, respectively (Fig. 1). 

The plant [P], increased with increasing 
solution [P]s, while white clover was greater than 
that of lucerne. Because P efficiency ratio is 
equivalent to the reciprocal of [Pit ,  differences in 
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Fig. 1. Shoot dry mass response curves for lucerne and white 
clover germplasm over a range of solution P concentrations. 

P ef f ic iency  ratio between germplasm 
corresponded to differences in [P]t. Phosphorus 
efficiency ratio declined with increasing solution 
P concentrations, indicating a decline in the 
internal utilization of P to produce dry mass 
(Table 1). There were no significant differences 
in P efficiency ratios between the two lucerne 
gremplasm, while the white clover germplasm 
Gandalf was significantly higher than Huia only 
at the highest [P], (Table 1), where it appeared 
that Huia was accumulating luxury levels of P. 

Utilization efficiency was not significantly 
different between EG2 and IG2 at any [P]s (Table 
1). Gandalf had a significantly higher utilization 
efficiency than Huia at [P]s of 6.9 ~tM and above 
(Table 1). The similarity in [P]t  between the two 
white clover germplasm in this experiment  
means that differences in P utilization efficiency 
were largely due to differences in yields. 

Phosphorus uptake efficiency provided an 



average value integrated over the entire plant 
growth period. The higher yielding germplasm 
had higher fine root dry mass and also higher 
total P accumulation than the lower yielding 
germplasm. There were no significant differences 
between EG2 and IG2, or between Gandalf and 
Huia in P accumulation per fine root dry mass 
(Table 1), indicat ing that the roots of each 
germplasm had a similar ability to absorb P from 
the solution. 

Table 1. Mean phosphorus efficiency ratio, utilization efficiency 
and uptake efficiency for white clover and luceme germplasm 
over a range of solution P concentrations 

White Clover Lucerne. 

Huia Gandalf EG2 IG2. 

P Efficiency Ratio (g DMg pd) 
Solution P (~M) 
2.9 430 458 655 740 
6.9 306 313 570 536 
40 170 189 314 317 
88 146 175" 286 295 

P Utilization Efficiency (g DM2g p-t) 
Solution P (p)14) 
2.9 296 41 1034 736 
6.9 626 876* 1959 1115 
40 463 928* 1871 909 
88 354 867* t406 1203 

P Uptake Efficiency (mg P g fine root DM -1) 
Solution P (txM) 
2.9 10.5 7.4 6.7 5.9 
6.9 17.5 16.9 10.7 9.3 
40 35.7 34.3 27.6 24.0 
88 39.1 34.8 27.2 22.8 

* Germplasm are significantly different (P < 0.05). 

These results indicate that different measures 
of nutrient efficiency can be obtained from the 
same exper imenta l  data. This supports  the 
conclusions of others that ranking species and 
germplasm for nutr ient  e f f i c i ency  can vary 
according to the definition used (McLachlan, 
1976; Blair and Cordero, 1978; Blair, 1993). 

An improved criteria for determining nutrient 
efficient germplasm 

Screening germplasm for shoot dry mass or 
harvestable product in low P conditions may 
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provide the best estimate of productivity in low P 
soils, and in our example Gandalf  and EG2 
would be the preferred germplasm over Huia and 
IG2. However ,  before  germplasm can be 
categorized as "P efficient" or "P inefficient", it 
is important to identify whether the superior 
performance in low P conditions is truly related 
to a specific mechanism enhancing P uptake or 
utilization. Many plant metabolic activities, such 
as phytohormone production, photosynthetic rate, 
photoperiodism, and production of ATP, can 
increase  nutr ient  uptake and u t i l iza t ion  by 
in f luenc ing  root  morpho logy  and func t ion  
(Wilkins, 1984). A superior metabolic activity, 
regardless of the mechanism, is likely to result in 
higher yields independent of P availability, and 
therefore should be identified as a superior rather 
than efficient genotype (Fig. 2). A mechanism 
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Fig. 2. H y p o t h e t i c a l  y ie ld  r e s p o n s e  cu rves  of  th ree  
g e r m p t a s m  d i f f e r i n g  in nu t r i en t  e f f i c i e n c y  and y ie ld  
potential. 

which leads to true P e f f i c i ency  becomes  
unimportant when P is in excess of requirements. 
If the same maximum yield is not achieved, 
factors other than the nutrient under study are 
likely to be influencing plant growth. 

It is essent ia l  the re fo re ,  that germplasm 
achieve similar yields when optimum amounts of 
P are available (Fig. 2). Differences in nutrient 
eff iciency then can be related to the rates at 
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which the maxima  are achieved (Fig. 2). Two of 

the previous ly  discussed def ini t ions ,  yield at low 
P a v a i l a b i l i t y  a n d  e x t e r n a l  P c o n c e n t r a t i o n  

r e q u i r e d  to ach ieve  a p e r c e n t a g e  of  m a x i m u m  
y ie ld ,  bo th  enab le  the d e s i g n a t i o n  of e f f i c i en t  
and  i n e f f i c i e n t  g e r m p l a s m ,  as l ong  as s i m i l a r  

yield maxima  are obtained.  

M e c h a n i s m s  of  P e f f i c i e n c y  shou ld  on ly  be 

invest igated after this cri teria has been satisfied. 

A t ru ly  e f f i c i en t  g e r m p l a s m  cou ld  requi re  less 

nu t r ien t  than an ineff ic ient  germplasm for normal  

m e t a b o l i c  p r o c e s s e s .  T h e  u se  o f  n u t r i e n t  

e f f i c i e n c y  r a t i o s  m a y  t h e r e f o r e  i n d i c a t e  a 
p o t e n t i a l  m e c h a n i s m  fo r  e n h a n c e d  n u t r i e n t  

e f f i c i e n c y .  T h e  c a l c u l a t i o n  o f  u t i l i z a t i o n  

eff ic iency includes  however ,  both yield and plant  
n u t r i e n t  c o n c e n t r a t i o n ,  a n d  is l i k e l y  to 

c o m p l i c a t e  the  i d e n t i f i c a t i o n  of  p o t e n t i a l  

m e c h a n i s m s  assoc ia ted  with e n h a n c e d  nu t r i en t  
e f f i c i e n c y .  D i f f e r e n c e s  a m o n g  g e r m p l a s m  in  

nut r ient  uptake per unit  root dry mass or length,  

or  d i f f e r e n c e s  in  r o o t  m o r p h o l o g i c a l  

cha rac te r i s t i c s  such as shoo t : roo t  rat io or root  

f i n e n e s s ,  m a y  a l so  i n d i c a t e  m e c h a n i s m s  for  
i n c r e a s e d  n u t r i e n t  a c q u i s i t i o n  at low n u t r i e n t  

avai labi l i t ies  (Caradus,  1990). An example  of a 

specific mechan i sm that increases P eff ic iency is 
p rov ided  by Smith  et al. (1993). Fo rma t ion  of  
g r e a t e r  a m o u n t s  of  v e s i c u l a r - a r b u s c u l a r  

mycorrh iza l  associat ion increased the eff ic iency 

of P uptake and yields at low levels  of P while  

s imi la r  y ie lds  are ob ta ined  be tween  e f fec t ive ly  

a n d  i n e f f e c t i v e l y  i n o c u l a t e d  p l a n t s  w h e n  

adequate P is avai lable.  

Conclusion 

Our results and those from cited l i terature clearly 

i n d i c a t e  the i m p o r t a n c e  of  e s t a b l i s h i n g  s o u n d  
criteria before des ignat ing  germplasm as nut r ien t  
eff icient  or inef f ic ient  and associat ing eff ic iency 
with par t icular  phys io logica l  and morphologica l  

cha rac te r i s t i c s .  S imi l a r  y ie lds  at n o n - l i m i t i n g  

nut r ient  avai labi l i ty  should reduce the possibi l i ty  
that  d i f f e r e n c e s  in n u t r i e n t  up take  are due to 

factors other than those associated with nut r ient  
e f f i c i e n c y .  D i f f e r e n t  m a x i m u m  y i e l d s  a n d  
similar  P ut i l izat ion and uptake by roots indicate  

that the germplasm assessed in this study should 

not be described as differ ing in P eff iciency.  
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